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Background: Little information exists on the vertical and horizontal movements of juvenile scalloped hammerhead
sharks (Sphyrna lewini). Measurements of the sizes of juveniles caught in nets close to shore and those swimming in
schools at seamounts and islands in the southwestern Gulf of California, Mexico indicate that at least part of the
population undergoes a migration during their life cycle at a length of approximately 115 cm total length (TL) from
coastal to offshore waters. Three juvenile hammerhead sharks were outfitted with archival tags in Mazatlan and La
Paz Bay (LPB), Mexico during February 2006 and January 2007, respectively.
Results: A single juvenile female measuring 95 cm TL tagged in LPB was recaptured. It traveled a distance of
approximately 3,350 km during a 10.5-month period from LPB northward to the central Gulf of California and
returning to LPB, 11.7 km north of the location it was tagged. During this migration, the hammerhead increasingly
moved from shallow coastal waters to deeper waters to possibly maximize its foraging success. After moving
offshore, the shark remained in shallow and warm waters of less than 30 m depth and as high as 32°C during the
day, and made repeated dives to deeper and colder waters of 250 m depth and 11°C, at night.
Conclusions: Our study documents a female scalloped hammerhead shark changing life history phases from a
nursery-inhabiting juvenile inshore to a migratory sub-adult offshore. We also infer that this shark swam within a
school of conspecifics at an offshore island or seamount during the day, and migrated away at night, diving to
greater depths to feed on mesopelagic prey. We show that this female shark carried out her complete
biological cycle in both coastal and offshore areas of the central and southwestern Gulf of California,
suggesting maximization of foraging opportunities and continued growth. In this study, we provide evidence
for the first time of an ontogenetic migration of a juvenile scalloped hammerhead shark in the Gulf of
California, which could be of great significance for the regional management and conservation of sharks in
the Gulf of California.
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In fisheries analyses, it has been reported that hammer-
head sharks are experiencing drastic population declines
in excess of 90% in several parts of their global range
because of overexploitation [1]. Three species of hammer-
heads (Sphyrna lewini, S. media, and S. mokarran) were
recently added to Appendix II of the Convention on Inter-
national Trade in Endangered Species [2], which will* Correspondence: galvan.felipe@gmail.com
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article, unless otherwise stated.better regulate trade in hammerhead shark products. How-
ever, their inclusion is unlikely to wholly solve the issue of
overexploitation or bycatch [3]. Six of the eight hammer-
heads known to date are distributed in the Mexican Pacific
(S. corona, S. lewini, S. media, S. mokarran, S. tiburo, and S.
zygaena), and these species, with the exception of S. corona,
were abundant in the Gulf of California in the 1960s [4].
Recently, it appears that S. media, S. mokarran, and S. tiburo
might have been extirpated from the Gulf of California, and
the most frequent hammerheads in fishery-dependent and
fishery-independent surveys are S. zygaena and S. lewini [4].
The scalloped hammerhead S. lewini is a circumglobalentral Ltd. This is an Open Access article distributed under the terms of the
/creativecommons.org/licenses/by/4.0), which permits unrestricted use,
, provided the original work is properly credited. The Creative Commons Public
mons.org/publicdomain/zero/1.0/) applies to the data made available in this
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the eastern Pacific, this species occurs from southern
California to Ecuador [5]. Scalloped hammerhead sharks
are known to school in great numbers at small islands and
seamounts in the eastern tropical Pacific and are very sus-
ceptible to fisheries while moving into the open sea [6].
Though considered abundant in the Gulf of California
in the 1980s, hammerhead shark populations have de-
clined considerably or have become extirpated from the
Gulf in recent years [4].
Understanding the temporal and spatial scales at which
sharks move is of paramount importance to ecologists
and conservationists since it gives us a better understand-
ing of habitat use and key sites occupied by these species
[7]. Many ecologically and commercially important mar-
ine animals have life histories in which juvenile stages use
different habitats than adults [8]. Such ontogenetic shifts
in movements, habitat, and depth ranges use are prevalent
among fishes, including sharks [9]. Moreover, many spe-
cies exhibit ontogenetic changes in feeding patterns that
reflect changing roles within ecological communities, and
this trait has been documented in several species of sharks
[10-12]. Based on stomach content analyses, Klimley [13]
argued that as scalloped hammerhead sharks mature, they
migrate into deeper water. Although males remain in shal-
low water until they reach a size of 160 cm TL, female
hammerheads begin to migrate offshore sooner, at a length
of 115 cm TL, to inhabit offshore seamounts and islands
[13]. Current understanding of the ontogenic migration of
the scalloped hammerhead shark in the Gulf of California
is based largely on the incidental take of juveniles and
stomach content analyses from a relatively small number
of individuals [14,15]. Furthermore, the seasonal change in
abundance of scalloped hammerhead shark landings by
artisanal fishermen [16] and seasonal presence of large
schools at volcanic islands and seamounts [14,17], suggest
that this species migrates away from this region but returns
to the same locations annually. However, actual migratory
pathways have yet to be identified for this species. Using an
archival tag to track a single female scalloped hammerhead
shark for a period of 10.5 months, we were able to describe
what we believe to be an ontogenetic migration of the indi-
vidual as it migrated from shallow coastal areas to deep
offshore waters. In addition, we provide evidence that open
ocean migration of female juvenile hammerheads may be
fitness-related.
Results
One female juvenile hammerhead shark tagged in LPB was
recaptured in this same location. The other two juveniles
tagged in Mazatlan were never recaptured. The juvenile
female recaptured in LPB travelled approximately 3,350 km
during a 10.5-month period. After her release on 26 January
2007, the shark remained close to shore near the taggingsite in LPB for 20 days (Figure 1). By 8 February, the
juvenile had moved 11.6 km northward along the coast of
the bay remaining in less than 50 m of water. The next
position was recorded on 18 April, located 18,450 km
northeast of San Pedro Nolasco Island in waters of a simi-
lar depth (50 m), indicating that the shark was still occu-
pying a coastal habitat but on the mainland coast of the
Gulf of California, near Guaymas, Mexico. However, the
shark travelled at a depth averaging more than 100 m on
17 March (Figure 2A), which is evidence of a transit across
the Gulf of California from the peninsular coast to the
mainland. On 21 April, the shark again crossed the Gulf
and was swimming in coastal waters at depths of less than
50 m, north of Bahia Concepcion. From May to August the
shark remained in waters less than 50 m deep (Figure 2A),
mostly close to the shore, although two positions (May 21
and June 7) were recorded in offshore waters (see Figure 1).
From 27 January to 15 August the shark performed shal-
low dives most of the time (see Figure 2A), but after 16
August she started to make deeper dives as indicated by
the greater depths occupied per day (see Figure 2B). A rec-
ord of the diving behavior of the female over a single day
during the coastal period of residence indicates that the
shark remained close to the surface in waters no deeper
than 50 m (Figure 3A). Upon moving offshore, her average
depth recorded over a 24 h period was greater, and the
shark reached a depth exceeding 240 m on one occasion.
This is apparent on a record of a single day that shows
swimming depths above 50 m during daytime (06:00 to
18:00) and from 120 to 250 m during nighttime (19:00 to
05:00; Figure 3B). This seasonal shift in depth is also appar-
ent when comparing depths over all months, particularly
from August to December (Figure 4). The last position re-
corded was in 23 December 2007 when the juvenile was
recaptured near San Jose Island (north of LPB).
There was a significant relationship between maximum
depth of the hammerhead and ambient temperature dur-
ing all months (January to December; χ2 test, P <0.001),
and between actual depth and ambient temperature across
the life of the tag (322 days; χ2 test, P <0.001). We also
found a significant diel difference (day vs. night) in depth
during all months (Mann-Whitney test, P <0.001), and a
significant difference between most months (Dunn’s
method, P <0.05, see Figure 4).
Discussion
We describe here the horizontal and vertical movements
of a female juvenile scalloped hammerhead at the time it
is believed to have made an ontogenetic movement from
shallow coastal waters, which they inhabit for the first
3 years of their life, to offshore locations. Prior studies
suggest that adult hammerheads display a diel pattern in
relation to their use of seamounts [17,18], forming schools
around seamounts during the day and dispersing to forage
Figure 1 Track of a female juvenile hammerhead shark with positions recorded by an archival tag based on daily records of light
levels from 26 January to 23 December 2007. The direction of movement indicated by arrows; the dates of positions given by solid circles.
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Figure 2 Maximum excursions of female scalloped hammerhead (solid line) and temperatures (dashed line) at the diving depths.
(A) Inshore movements from 27 January to 15 August 2007, (B) offshore movements from 16 August to 11 November 2007.
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served around Malpelo [19] and Galapagos [20] islands. It
is assumed that they make offshore migrations into the pe-
lagic environment at night to feed on pelagic fish and squid
[13,21]. Little was known about the movements of juvenile
hammerhead sharks in the pelagic realm, nevertheless, here
we document such horizontal and vertical movements.
The female juvenile shark performed the shallowest dives
from 23 May to 2 July and the deepest dives from 4
September to 7 November, indicative also of an ontogenetic
migration offshore. This migration likely occurred after the
first days of September when the dive oscillations becamemuch greater with the shark making regular dives between
150 to 250 m (see Figure 2B). The shallowest dives were
performed during the transitional months from May to July
(spring to summer), when the depth of the thermocline is
usually shallow. According to Ketchum et al. [20], hammer-
head sharks perform frequent vertical excursions above the
thermocline during offshore movements and, in general,
were observed to prefer temperatures of 23°C to 26°C,
which are found above the thermocline. The deepest dives
of the female hammerhead in this study were performed
from late summer to late fall (from September to December),
when the thermocline is deeper (see Figures 2B and 4).
Figure 3 Vertical movements of female scalloped hammerhead shark over a 24 hcycle during (A) a coastal period of residence on 6
June 2007 and (B) during offshore residence on 8 October 2007.
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movements of the juvenile shark could be the stable oxy-
gen minimum layer. In the southern Gulf of California,
this layer is well pronounced between 250 and 800 m
deep. In the case of our tagged juvenile shark, vertical move-
ments ranged from the surface to 272 m in a 10-month
period. In contrast, the vertical movements of an adult scal-
loped hammerhead shark tracked by Jorgensen et al. [22]
ranged from the surface to a depth of at least 980 m. Hence,
adults can inhabit a highly expanded, vertical niche in the
open ocean, tolerating large fluctuations in temperature and
extremely low levels of dissolved oxygen.
One possible explanation for the offshore ontogenetic
migration is that females move into open waters due to
social factors. The social factor hypothesis states that
sexual segregation may be maintained by aggression ofone sex towards the other [13]. Therefore, sub-adult fe-
males could also leave inshore areas to avoid aggressive
behavior of males [23]. Nevertheless, there is little infor-
mation on the behavior of juvenile hammerheads in in-
shore areas of the Gulf of California that could support
this hypothesis.
Another explanation for the offshore migration may
be environmental. There was a cold episode during the
second half of 2007 [24]. However, the relationship be-
tween these climatic processes and trophic responses is
often complex and may be delayed in response to the
primary climate signal change. These effects may mani-
fest in predator population distributions, movements, dens-
ities, phenology, behavior, and community interactions [25].
Although the behavior of the juvenile hammerhead could
be influenced by these phenomena, the ontogenetic
Figure 4 Seasonal and diel vertical movements of female
scalloped hammerhead shark over the life of the tag (January to
December 2007). Black circles denote outliers. JF = January-February.
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the offshore movements of females at an early age related
to diet and growth differential as shown by previous studies
in the Gulf of California [13].
An additional explanation is fitness-related. Capture
data indicate that female scalloped hammerhead sharks
migrate offshore at a smaller size than males. Females in
the size range of 74 to 125 cm were captured at a median
depth of 50 m, whereas males with same size range were
caught at a median depth of 25 m [13]. When the female
shark in this study was tagged she had a size of 95 cm TL
and remained in shallow waters above 50 m depth from
January to August (Figure 2A). Ten months later, when
the female was recaptured, she had a size of 123 cm TL.
This size corresponds to a 4-year-old female [26]. Between
the ages of 3 to 4 years, females grow at a more rapid rate
than males in the Atlantic off the coast of North Carolina
[27]. Similarly, an average female at an age of 4 years has a
TL of 119 cm, 6 cm larger than a male of the same age,
even larger than a male of 5 years, in the Gulf of California
[13]. Thus, an offshore movement of females results in a
growth differential [13]. It is possible, then, that the juvenile
females are trying to get offshore as quickly as possible to
jockey for position, assert dominance in the schools, and
establish social rank. In a comparative study of teleost and
elasmobranch schooling behavior, Klimley [14] observed
that scalloped hammerhead shark schools are comprised
predominantly of females with larger individuals aggres-
sively vying for central positions within the school.
Schools of hammerheads at offshore seamounts and
islands in the Gulf of California studied during late 1970’s
and early 1980’s were composed of juveniles as well as lar-
ger individuals of both sexes [14]. This was evident from a
frequency distribution of individual sharks measured using
stereo-photography, where only females existed in the 113,
128, and 143 cm TL size classes [28].Moreover, this offshore movement of female scalloped
hammerhead sharks at an earlier age than males results in
different diets between them. As might be expected from
their early offshore movement, according to Klimley [13],
females less than 160 cm TL fed on a higher percentage of
pelagic prey than did males of similar sizes. Mesopelagic
prey formed 27.5% of the female total Index of Relative
Importance (IRI) and epipelagic prey formed only 5.5% of
the female IRI, and only 18.1% and 3.6% of the male total
IRI, respectively. Furthermore, the diet of the females con-
sisted of only 15.1% benthic prey in comparison to 40.9%
benthic prey of the IRI of male sharks. Scalloped hammer-
head shark pups have high metabolic rates and frequently
feed on prey of low caloric value while in nursery grounds.
Thus, they require higher ration levels to fulfill their ener-
getic needs. Those sharks that do not become successful in
learning how to catch prey quickly may starve as the result
of their high energetic requirements [29], which would par-
tially explain the early fledging of this juvenile female to
offshore waters for richer food.
The recorded depths of the female hammerhead during
a single day in October 2007, showed swimming depths
above 50 m during the day and 120 to 250 m during the
night (see Figure 3B), possibly indicating a diel change of
lifestyle, from refuging in large schools at seamounts during
the day to venturing into deep water to feed at nighttime
[30]. And, vertical movements of the hammerhead during
all months represent a seasonal shift of lifestyle after
August 2007, from shallow to deeper waters (see Figure 4).
The mass of the stomachs of female sharks larger than
100 cm TL and smaller than 160 cm TL exceed those of
males of the same size [13], likely representing greater
foraging success for females as they make diel migrations
into the deep waters surrounding the seamounts to feed on
pelagic fishes and squid [31]. A possible adaptive advantage
from this early offshore migration of females is increased
growth despite greater exposure to risk of predation.
Increased body size would not only provide more body
cavity space for the female’s ova or embryos, but also more
muscle and a larger liver for energy storage, later to be al-
located to reproduction [13]. Supporting the assertion that
greater growth increases reproductive success in females
and not males is continued growth of the former upon
reaching maturity and absence of such growth in the latter
[13]. Hence, smaller female sharks trade-off the risks of an
open ocean migration at an early age for the opportunity
to get big quick and increase their reproductive potential.
The presence of neonates, gravid females, and small ju-
veniles of scalloped hammerhead sharks in LPB and in the
southeastern coast of the Gulf of California, indicates that
these areas are used as a nursery for this species [16,17]. In
addition, the presence of male and female adult hammer-
heads during the summer in seamounts in the southwest-
ern Gulf of California [16], in the mid-riff islands, and
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important as mating aggregation sites for the scalloped
hammerhead shark.
Conclusions
We report here for the first time evidence of an ontogenetic
migration of a juvenile scalloped hammerhead shark in the
Gulf of California. Our study documents a female scalloped
hammerhead shark changing life history phases from a
nursery-inhabiting juvenile inshore to a migratory sub-
adult offshore. We also infer that this shark swam within a
school of conspecifics at an offshore island or seamount
during the day, and migrated away at night, diving to
greater depths to feed on mesopelagic prey. We show that
this female shark carried out her complete biological cycle
in both coastal and offshore areas of the central and
southwestern Gulf of California, suggesting maximization
of foraging opportunities and continued growth. Thus, by
growing faster female hammerheads may be increasing
their reproductive potential.
Increased human fishing pressure has reduced the size
of the population of scalloped hammerhead populations
to a negligible size in the Gulf of California, with the
species becoming extremely rare in the Mexican Pacific.
Current management measures set forth by the Mexican
government, such as the prohibition of shark-finning
and commercial fisheries from large vessels within 50
nautical miles from the coast (NOM-029 [2]) and sea-
sonal closures on shark fisheries since 2012 [2], have
resulted in some protection for some species of sharks.
However, our observations suggest that hammerheads
may be particularly susceptible to fisheries due to their
use of both coastal and offshore waters during early life
stages. Considering life history, vulnerability to fisheries,
and global endangered status of scalloped hammerheads,
current management measures for sharks in Mexico
may be insufficient for the conservation of this species.
Thus, our findings on the movements and behavior of a
small juvenile S. lewini may be conducive to more effect-
ive conservation actions for this threatened species in
the Gulf of California and elsewhere. On the other hand,
there is a growing awareness that Marine Reserves and
other forms of time-area closures have the potential to play
a more important role in shark conservation, especially for
the protection of site-attached species and vulnerable crit-
ical habitats. In the case of scalloped hammerheads, coastal
nursery grounds and offshore refuging areas at seamounts
are critical habitats where marine reserves should be sited.
Finally, the low sample size in this study yields limita-
tions of the overall results of the study, thus consider-
able additional research is needed in order to determine
critical habitats of hammerheads in the Gulf of California.
Although, we believe this work provides evidence of an
important stage in the life cycle of scalloped hammerheadsharks, and this is of great significance for the regional
management and conservation of threatened sharks in the
Gulf of California.
Methods
To determine the movement patterns of juvenile hammer-
heads, three individuals in the size range of 89 to 95 cm
TL, were captured in the Gulf of California with the assist-
ance of local artisanal fishermen. A male and female
juvenile, 89 and 91 cm TL, respectively, were tagged in
Mazatlan during February 2006 and a female, 95 cm TL,
in LPB in January 2007. Hand-lines with barbless curved
hooks were used with squid as bait to capture the juvenile
sharks. A nylon-head, plastic dart tag was inserted into
the musculature just below the first dorsal fin across the
body midline for external identification. An incision about
2 cm long was made with a sterile surgical scalpel blade in
the abdominal wall 5 cm in front of the base of the pelvic
fins. A MK-9 archival tag (Wildlife Computers, Redmond,
WA, USA) was inserted through the incision into the
peritoneal cavity, with the stalk and light sensor protrud-
ing outside. The incision was closed with a surgical stapler
and the shark was released into the water. The archival tag
was set to record depth, sea temperature, and light levels
every 30 s. Because these were archival tags with no trans-
mission to a passing satellite, they had to be recovered to
obtain the recorded information. Hence, we included a re-
ward notice on the tag to be able to recover it from local
fishers. Only the shark tagged in LPB, a female captured at
a size of 95 cm TL, was re-captured by an artisanal fisher-
man 11.7 km north of the same location where it was
tagged after 10.5 months at liberty. Data were downloaded
from the tag, and initial exploratory data analyses were
conducted, using software provided by the tag manufac-
turer (WC-DAP). Daily latitude and longitude were esti-
mated by geolocation, and latitude was corrected using
SST recorded by the tag and matched to a remotely-sensed
SST along the corresponding longitudinal meridian using
the methodology of Teo et al. [32]. In spite of this correc-
tion, a number of spurious positions were eliminated
because they were either unattainable using the fastest rate
of movement of a juvenile hammerhead or appeared on
land. Then, each set of corrected positions was integrated
into a Geographic Information System (ArcGIS 10.2) and
plotted in a map with a bathymetric scale of the Gulf of
California. In double-tagging experiments, the root mean
square errors of the light level longitude estimates were
0.89° and 0.55°; while for SST latitude estimates, the root
mean square errors were 1.47° and 1.16° for salmon sharks
and blue sharks, respectively [32]. Hence, the positions of
the hammerhead sharks should be interpreted in the
context of the sharks being either close to the eastern
coast of the Peninsula of Baja California, or offshore in
the Gulf of California. All measurements of depth and
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for diurnal patterns, habitat preference, and additional
behaviors. We examined the relationship between depth
and temperature across the life of the tag with a Chi-square
test. We also examined diel (day vs. night) and seasonal
differences in depth over the life of the tag using Mann-
Whitney and Kruskal-Wallis tests. All statistical analyses
were performed with SigmaStat 3.5 (Systat Software Inc.,
Chicago, IL, USA).
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